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ABSTRACT: The microwave-assisted synthesis method was used

to synthesize gadolinium hydroxide nanorods (GH NRs) and 4—

12% cobalt-doped gadolinium hydroxide nanorods (4CGH, 8CGH, @

and 12CGH NRs). X-ray diffraction confirmed that the GH NRs [ B
Co-Gd(OH),

% Co-GA(OH)y
{5 Co-Ga(OH),
312% Co-GA(OM)y

I XXXXXX]

4-nitrophenol
+ and L
brilliant green

% photocatalytic degradation of 4-NP

and CGH NRs are in the hexagonal phase with average crystallite yy gnt
sizes between 17 and 36 nm. Raman and FT-IR spectra confirmed
the presence of vibrational modes of GH and CGH. The influence
of Co doping was observed in the reduction of the band gap energy
from 5.00 to 4.29 eV. TEM images showed nanorods of GH and H,0
CGH and that the particle size was increased upon doping with

Co®". Photocatalytic degradations of 4-nitrophenol (4-NP) and

brilliant green (BG) were carried out under UV light irradiation in which 8CGH NRs had the highest photocatalytic degradation of
BG (90%) with a kinetic rate of 0.4636 h™', while 122CGH NRs showed the highest photocatalytic degradation of 4-NP (78%) with a
kinetic rate of 0.2426 h™". Both photocatalytic degradation activities using the synthesized materials followed a pseudo-first-order
kinetic reaction. Therefore, GH and CGH NRs demonstrated efficient application under UV light irradiation.
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1. INTRODUCTION among others are important materials that have been fabricated
using different techniques, namely, hydrothermal, precipita-
tion, microwave-assisted, sonochemical, etc.'*™"’

Gadolinium ions (Gd**) have a maximum number of seven
4f unpaired electrons and an ionic radius of 0.094 nm.”” Gd
compounds, particularly, gadolinium hydroxide (GH), are
mainly used as MRI contrast agents and have extended to
other applications such as CT contrast agents, photocatalysis,

Nanoparticles (NPs) are ultrasmall particles with sizes between
1 and 100 nm and can have enhanced chemical or physical
properties compared to their bulk equivalents."”” Transition
metal oxide NPs have various uses such as in catalysis, sensors,
magnetics, electronics, and optics because of their different
valence states, high surface areas, and varied electronic

3-5 iy . .
structures.” ~ In addition, the nanoparticle size and morphol- Z

. ’ partic . P and drug delivery.”'~** GH has been produced at various
ogy can have a major effect on the physiochemical properties

. icle sizes."”**~** For instance, a hydrothermal reaction was
f the NPs. Thus, th d morphology of the NPs should ~ P*™i€ ) & by
prtas TS ms, T See ane morphiofogy of the RS shou used by Du et al. to synthesize GH nanorods (NRs).*® After 24

h of synthesis at 180 °C, the material that was produced was
shown to resemble a rod with a mean length of 90 nm and a
diameter of 20 nm. In a comparable approach, Chen et al.
carried out the synthesis for 10 h at 120 °C. A rod-like GH was
produced, with dimensions of 200—500 nm for the length and
100—200 nm for the diameter. On the other hand, the
precipitation method was utilized as reported by Singh et al. to
synthesize GH nanoclusters.”” A cluster of rod-like structures
with an average length between 30 and 40 nm was produced.

be taken into consideration.

Rare-earth elements are a group of 15 lanthanide elements
having distinctive 4f electron configurations, ranging from
lanthanum to lutetium.”~'" Rare-earth elements can have a
variety of valences, with trivalent rare-earth ions being the most
prevalent. Owing to their lack of involvement in chemical
bonding, the unpaired 4f electrons of trivalent rare-earth ions
exhibit special energy-storage characteristics.'"'* Furthermore,
because of their composite’s exceptional physical and chemical
qualities, unique unpaired 4f electronic configuration, and
controlled structure, rare-earth elements have increasingly

drawn the interest of researchers.'”'” The potential Received:  October 13, 2024
applications of these promising materials in luminescent and Revised:  January 3, 2025
biomedical devices, optoelectronics, sensors, detectors, cata- Accepted:  February 6, 2025
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However, limited reports are available for the synthesis of
metal-doped GH. Eu-doped GH was synthesized using a
precipitation method, which produced a hexagonal microprism
of Eu-doped GH.>* Moreover, the rod-like morphology of Fe-
doped GH nanorods was obtained using a hydrothermal
method.”

Colored organic pollutants such as dyes can consist of
nonbiodegradable, highly poisonous, and colored pigments,
and these pollutants are reported to be widely present in
industrial wastewater.”>*> Dyes can pollute various aquatic
environments and can affect the visible appearance of the water
even at relatively low concentrations.”* Moreover, dyes are
considered harmful to living organisms.34 Therefore, it is
essential to remove them from main water sources or
wastewater. Furthermore, in nature, uncolored pollutants like
p-nitrophenol (4-NP) are persistent, making it challenging for
4-NP to mineralize or degrade in large quantities. Its high
solubility and stability also contribute to adverse environ-
mental and health effects. Exposure to 4-NP may cause health
problems in both humans and animals, including headaches,
vomiting, and organ dysfunction.”® GH has shown particular
promise as a photocatalyst. For instance, GH NRs were used to
degrade Congo red.* It was reported that the photocatalytic
degradation of Congo red was almost 100% within 1400 min.
Therefore, GH and its doped GH have the potential to
degrade colored and noncolored organic pollutants.

In this work, GH and Co—Gd(OH); (CGH) NRs were
prepared by using a microwave-assisted synthesis method. The
microwave-assisted method was used in this study as it can
accelerate chemical reactions by rapidly providing energy to
the reaction mixture, which significantly shortens the reaction
times compared to conventional methods.”” Moreover, the
rapid and uniform heating provided by microwaves can
improve the efficiency of the synthesis reactions by promoting
faster kinetics and higher yields. Apart from that, it allows for
precise control over reaction conditions, such as temperature
and pressure, for obtaining products with desired properties. In
a previous study, the synthesis of GH and Ni-GH NRs using a
microwave-assisted method was reported.*® This work is an
extension of the previous work, in order to understand the
effect of Co doping on the optical and structural properties of
Gd(OH),.>® However, to the best of the authors’ knowledge,
there are no current reports on the microwave-assisted
synthesis of CGH NRs that have been documented. Different
techniques were used to investigate the structure, morphology,
and optical properties of the GH and CGH NRs. Additionally,
the photocatalytic performance of the synthesized materials
under UV light irradiation was also investigated.

2. EXPERIMENTAL PROCEDURE
2.1. Microwave-Assisted Synthesis of GH and CGH

NRs. GH NRs were synthesized using a microwave-assisted
method as reported.”® Briefly, 15 mL of a 0.05 M Gd(NO;);-
6H,0 (99%, Sigma-Aldrich) solution was prepared in a
microwave vessel. Then, 2.4 mL of 1 M NaOH (99%, Merck)
was added dropwise to the solution. The prepared solution was
then placed in an Anton Paar Monowave 400 microwave
reactor, where the temperature was gradually raised from
ambient temperature to 90 °C and eventually to 180 °C. The
temperature was kept at 850 W microwave radiation for 15
min. Following the formation of the precipitate, it was
centrifuged, washed with distilled water, and then placed in a
drying oven at 80 °C.

CGH NRs were similarly synthesized by using the previously
described procedure. CoCl,-6H,0 (99%, Sigma-Aldrich) was
combined with Gd(NO,),6H,0 to produce 4, 8, and 12CGH
NRs (Table 1). The samples were coded as 4CGH, 8CGH,
and 12CGH for 4, 8, and 12% Co—Gd(OH),, respectively.

Table 1. Amount of Gd(NO;);*6H,0 and CoCl,*6H,0 Used
to Synthesize GH and CGH NRs

Amount of Gd(NO;);-6H,0  Amount of CoCl,-6H,0
(8)

Materials g ()
GH NRs 0.3385 -
4CGH NRs 0.3250 0.0135
8CGH NRs 0.3114 0.0271
12CGH NRs 0.2979 0.0406

2.2. Characterizations. The XRD, FTIR, Raman, and XPS
studies of GH and CGH NRs were investigated using an X-ray
diffractometer from Shimadzu XRD-7000 with Cu Ka
radiation (4 = 1.5418 A) and a step size of 0.026°; an FTIR
Spectrophotometer from Shimadzu IRPrestige-21 in the range
of 450 to 4000 cm™!; a Raman spectrometer from NRS-5100,
JASCO, at a laser wavelength of 785 nm at a maximum
resolution of 1 cm™" in the range of 50—4000 cm™'; and an X-
ray photoelectron spectrometer from Kratos Analytical, AXIS
Nova, with 225 W X-ray power from the 286.69 to 1486.69 eV
scan range for 1 X 1 cm analysis area, respectively.
Furthermore, the optical band gap energy of GH and CGH
NRs was investigated by using a UV—vis DRS spectrometer
from Shimadzu, UV-2600. Field emission transmission
electron microscopy (FE-TEM) and selected area electron
diffraction (SAED) using a JEM-F200 (JEOL Ltd., Tokyo,
Japan) instrument with an ultrathin carbon film-supported
copper grid at 200 kV were used to evaluate the morphology.

2.3. UV Light-Assisted Photocatalytic Degradation of
4-NP and BG. Photocatalytic degradation of 4-NP (99%,
Sigma-Aldrich) using GH and 4, 8, and 12CGH NRs under
UV light irradiation (mercury lamp, 300 W, 220 + 20 V, 1 =
365 nm) was investigated. A Toption (TOPT-V) photo-
chemical reactor having a 300 W UV lamp was used to perform
the photocatalytic activities, and a UV—visible spectropho-
tometer (Shimadzu UV-1900, Japan) was used to measure the
absorbance of the pollutants.

Small dosages of GH and 4, 8, and 12CGH NRs (10 mg)
were mixed in a separate tube containing 50 mL of 10 ppm of
4-NP solution. The sample mixture was sonicated for 3 min
before it was stirred for an additional 3 min in the dark. The
reaction tubes were then exposed to 300 W UV light for 5 h, in
which the absorbance of the treated 4-NP solution was
measured every hour. The progress of the photocatalytic
activity was obtained using eq 1.

In a similar approach, GH and 4, 8, and 12CGH NRs were
also employed in the photocatalytic degradation of 10 ppm of
BG dye under 300 W UV light irradiation. The photocatalysis
procedure was the same as that previously explained. In short,
50 mL of 10 ppm of aqueous BG solution was combined with
20 mg of GH and 4, 8, and 12CGH NRs. After 3 min of
sonication, the sample was agitated for an additional 3 min in
the dark. The reaction tubes were subjected to a 5-h UV light
exposure. The progress of the BG degradation was monitored,
and the percentage degradation was also estimated using eq 1.
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Figure 1. (a) XRD patterns; (b) Raman; and (c) FTIR spectra of GH, GH4, GHS8, and 12CGH NRs.

percentage photocatalytic degradation of pollutants

= M X 100% 1)

where A is the absorbance of 4-NP or BG only and B is the
absorbance of 4-NP or BG solution after the photocatalytic
degradation reaction with the respective photocatalyst.
Furthermore, the photocatalytic activity of GH and CGH
NRs against 4-NP and BG was studied by applying the pseudo-
first-order reactions (eq 2):
G

In =2 =kt
s (2)

where k is the pseudo-first-order rate constant, f is the time
(h), C, is the initial concentration of the pollutant, and C is the
final concentration of the pollutant.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of GH and CGH NRs. The X-
ray diffraction (XRD) patterns of the microwave-assisted
synthesized GH and CG NRs are presented in Figure la. The
diffraction peaks of GH with the highest intensities were found
at 260 of 16.22° 28.07°, 29.53°, 41.29°, and 50.69°. The
diffraction pattern was matched with the hexagonal phase of
GH with the P6;/m space group (JCPDS no. 98-020-0093).
No significant peak shifts were observed for the CGH NRs.
There is also no other phase present, suggesting that GH and
CGH NRs were successfully fabricated through the micro-
wave-assisted synthesis method. On the other hand, the
intensity of (010), (110), and (011) planes decreased with
Co”" doping, which indicates a loss of crystallinity due to
lattice distortion.*”

The average crystallite size and lattice strain of GH, 4, 8, and
12CGH NRs were estimated using eqs 3 and 4, respectively, to

10185

study the effect of doping on the structural properties of
GH. 5%

D =kA/p cos O (3)
— 'Bhkl
4 tan 0 (4)

where A represents the wavelength of the X-ray, 6 indicates
Bragg’s angle, and f is the fwhm of the specific peaks. The
average crystallite size of the GH NRs was 36.00 nm. The
crystallite size was reduced to 20.84 nm for 4CGH NRs and
slightly increased to 21.59 nm for SCGH NRs. However, the
crystallite size decreased to 17.34 nm for 12CGH NRs (Table
2). In general, the photocatalytic activity of materials can be

Table 2. Average Crystallite Size (D, nm), Lattice
Parameters (A), Cell Volume (V,,;, A*), and Average Lattice
Strain (¢) of GH and CGH NRs

lattice parameters

sample D (nm) a c Ve (A%) e
GH NRs 36.00 6.34 4.18 145.51 0.0012
4CGH NRs 20.84 6.33 4.18 145.05 0.0017
8CGH NRs 21.59 6.33 4.18 145.05 0.0019
12CGH NRs 17.34 6.34 4.18 145.51 0.0021

greatly affected by a reduction in crystallite size with increased
doping. Smaller crystallites can result from doping, which
introduces impurities that can change the crystal structure.”"**
There are more active sites for photocatalytic reactions in
smaller crystallites because they frequently have a larger surface
area. However, excessive doping can lead to defects, which
might enhance charge carrier separation or recombination,
affecting the photocatalytic efficiency.””** In contrast, the
average lattice strain of the GH and CGH NRs increased with

https://doi.org/10.1021/acsomega.4c09351
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Figure 2. XPS spectra of GH and CGH NRs: (a) survey scan, (b) Gd 4d, (c) Co 2p, (d) O 1s, and (e) C Ls.

Co doping. Doping can have an impact on the lattice strain
and structural properties of the crystals. The amount of
dopants can lead to strains and stresses in the crystal lattice.*’
Consequently, the lattice strain increases with the increasing
amount of Co?*. Similar cell volumes and lattice characteristics
(a and ¢) were found for GH with CGH NRs, indicating that
the GH lattice has not been altered by Co®* doping.
Nonetheless, the addition of Co®" ions changed the crystallite
size and lattice strain of both GH and CGH NRis.

Raman spectra of GH and 4CGH NRs are displayed in
Figure 1b. The three primary Raman peaks of GH were
attributed to the A, translatory (308.85 cm™), E,, translatory
(387.34 cm™), and E,; liberation modes (490.52 ecm™).**
Those peaks are reportedly observed for the hexagonal phase
of GH (P65/m) because 4A,, 2E,, and SE,, are known to be
Raman-active.”” However, in the case of 4CGH NRs, it
showed three new Raman peaks 192.91, 481.67, and 514.34
cm™ !, which are associated with 3Fyy E, and 2Fy, modes of
Co®* ions, respectively.””*® The Raman peaks of GH
disappeared due to the breakdown of the lattice periodicity
caused by the induced defects in the crystal lattice.”’ Figure 1c
shows the FTIR spectra of GH, 4CGH, 8CGH, and 12CGH
NRs. The bending vibration of Gd—O—H is responsible for
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the band in the 600—750 cm™ range. GH frequently exhibits
peaks in the 1370—1530 cm™' range, which corresponds to
both symmetric and asymmetric stretching of O—C—0.* This
can be attributed to CO;*” anions, which are commonly
absorbed from the environment, made possible by the high
surface area to volume ratio of the synthesized materials.”” The
absorption band at 1600 cm™' is assigned to the O—H
vibration in absorbed water on the sample surface. The
bending and stretching of the O—H vibration of GH and 4, 8,
and 12CGH were also observed at about 3550 cm™.**

The chemical state and electronic structure of the elements
in GH, 4CGH, 8CGH, and 12CGH NRs were examined by
using XPS (Figure 2). The full survey scan spectra of the
materials, which confirmed the presence of Gd 4d, O 1s, and
Co 2p, are shown in Figure 2a. Figure 2b displays the peak of
the Gd 4d core level. Two prominent peaks were observed at
approximately 140.3 and 146.1 eV, which are associated with
Gd> 4d,, and Gd*" 4d;),, respectively.”’ No significant shift
was observed for all of the samples. Figure 2¢ shows the XPS
spectrum of Co 2p of 4CGH, 8CGH, and 12CGH NRs. It can
be observed that 4CGH shows a lower Co 2p signal than
8CGH and 12CGH NRs. Nevertheless, two peaks were
observed at ~778.8 and 795.1 eV corresponding to Co 2p, ,

https://doi.org/10.1021/acsomega.4c09351
ACS Omega 2025, 10, 10183-10192
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and Co 2ps,, respectively.”’ The energy separation between
Co 2p,, and Co 2p;), for all samples was about 16 eV, which
is characteristic of Co**.”

Figure 2d shows the XPS spectrum of the O 1s sample,
where each sample has a single main peak. The OH™ anion,
which is a nucleophilic oxygen species, is represented by the
peak at about 529.0 eV.”* In comparison to GH, CGH NRs
showed minor changes in peak position and intensity. This
might be due to the lattice distortions resulting from ionic size
imbalance, which increases bond strain around oxygen atoms
and raises the chemical potential.”*

The typical C 1s peaks at 284.8 eV were observed in the
spectra (Figure 2e). Therefore, the Co** ion doping has
influenced the intensity of the XPS peaks, which suggests the
successful incorporation of Co’* ions.

3.2. Optical Properties of GH and CGH NRs. UV—vis
DRS spectroscopy is a useful technique for investigating the
optical properties of the synthesized GH and CGH NRs. GH is
an indirect band gap semiconductor, similar to other rare earth
hydroxides and some related oxide materials. This is because
the conduction band minimum and valence band maximum
occur at different k-points, requiring phonon involvement in
electronic transitions.”® Therefore, a Tauc plot was obtained
using the Kubelka—Munk equation (eq S) and used for the
estimation of band gap energy of GH, 4CGH, 8CGH, and
12CGH NRs (Figure 3) and the UV—vis DRS spectrum of the
materials is shown in Figure S1.

5 1/2
F(R) = (M X hu]

2R ()

10

[F(R)hv] /2
> o

H
1

N
1

1.5 2.0 2,5 3.0 3.5 4.0 45 5.0 55 6.0
Energy (eV)

Figure 3. Tauc plot obtained from the Kubelka—Munk function for
the band gap energy estimation of GH and 4, 8, and 12CGH NRs.

where R is the measured absolute reflectance of the samples.
The band gap energy was determined from the plots of [F(R)
hw]'? versus hu.

The band gap energy of GH was determined to be 5.00 eV,
and the value decreased as Co®" was incorporated into the
lattice. The band gap energies of 4CGH, 8CGH, and 12CGH
were 4.50, 4.31, and 4.29 eV, respectively. This shows that the
incorporation of Co*" can significantly reduce the band gap of
the GH NRs. In general, doping modifies the electronic
structure, either by creating intermediate states within the band
gap or shifting the absorption edg;e, which can result in a more
efficient use of UV light energy.”>® This allows the material
to absorb photons with slightly lower energy or facilitates the
faster generation of charge carriers. Additionally, a decrease in
electron—hole pair recombination rates increases the amount

of energy from UV photons that are utilized for photocatalytic
activities.”* ™

3.3. Morphological Studies of GH and CGH NRs Using
TEM. The TEM images and SAED patterns of GH, 4CGH,
and 12CGH are shown in Figure 4. All of the samples were
found to have rod-like features. The average length of the GH
nanorods was 39 nm, and the average diameter was 12 nm, as
shown in Figure 4a,. Figure 4b; reveals the TEM picture of
4CGH NRs, which have an average diameter of 8 nm and a
length of 59 nm. An elongation of the particle was observed
upon the incorporation of 4% Co into GH. However, the
diameter of 4CGH NRs decreased slightly. The diameter of
the 8CGH particle remained the same, while the particle
length increased slightly to 61 nm (Figure 4c,). Moreover, the
particle size was further increased when 12% Co was
incorporated (Figure 4d;), which showed an average length
of 67 nm and a diameter of 10 nm. The average particle sizes
of GH, 4CGH, and 12CGH NRs were tabulated in Table 3.
The particle size distribution of each material is shown in
Figure S2. The growth process of GH and CGH NRs involves
nucleation and aggregation growth to produce the nanorod
shape.'® Generally, 1D nanorods are formed from OD in the
presence of OH™ ions and the nanorods continue to grow
under the influence of many factors such as precursor pH,
temperature, and reaction.'® In this work, GH and CGH NRs
were synthesized using NaOH. The OH™ from NaOH may act
as a growth director to produce rod-like morphology. In
addition to that, it also lowers the solution’s surface tension,
which prevents the nanorods from agglomeration.*’

Also, as can be observed in Figure 4a,—d,, SAED analysis
was used to evaluate the phase, crystallinity, and crystal
orientations of GH, 4CGH, and 12CGH NRs. GH, 4CGH,
and 12CGH NRs were found to exhibit four broad rings
((110), (011), (020), and (030) reflections), which are due to
the hexagonal GH (P6;/m) structure. Meanwhile, 8CGH
displayed three prominent rings, which were also related to the
(110), (011), and (030) reflections. This is in accordance with
the XRD results as discussed earlier, which suggests the
successful synthesis of GH and CGH NRs.

4. UV LIGHT-ASSISTED PHOTOCATALYTIC
ACTIVITIES OF GH AND CGH NRS

4.1. Photocatalytic Degradation of 4-Nitrophenol.
The photocatalytic degradation of 4-NP utilizing GH and
CGH NRs is depicted in Figure Sa,b with respect to the
average percentage and In(C,/C) of the photocatalytic
reaction, respectively. GH and CGH NRs were used to
photocatalytically degrade 4-NP under UV light irradiation.
The absorbance of the solution was monitored every hour for §
h to monitor the progress of the reaction (Figure S3). To
ensure the repeatability of the findings, all experiments were
carried out three times.

When the materials were irradiated with UV light, a gradual
increase in the percentage degradation of 4-NP was observed
with time, especially for the CGH NRs. After 5 h of UV light
illumination, 122CGH NRs showed the highest photocatalytic
degradation of 4-NP in which it successfully degraded 78.90 +
4.46% of 4-NP (Figure Sa and Table S1). GH NRs showed the
lowest photocatalytic activity of 62.74 + 2.43%. The results
showed that the photocatalytic activity improved with an
increase in Co®" doping.

The band gap energy of GH was lowered by incorporating
more Co*" into the GH lattice. Section 3.4 reports that the
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Figure 4. TEM images of (a;) GH, (b;) 4CGH, (c,;) 8CGH, (d,) 12CGH, and SAED patterns of (a,) GH, (b,) 4CGH, (c,) 8CGH, and (d,)

12CGH.

Table 3. Average Particle Size from TEM Images of GH and
CGH NRs (*L = Length, D = Diameter)

sample average particle size from TEM (nm)
GH NRs 39 (L), 12 (D)
4CGH NRs 59 (L), 8 (D)
8CGH NRs 61 (L), 8 (D)
12CGH NRs 67 (L), 10 (D)

band gap energies of GH and 4, 8, and 12CGH NRs were
found to be 5.00, 4.50, 4.31, and 4.29 eV, respectively. The
enhanced photocatalytic degradation of 4-NP employing
12CGH NRs could be attributed to its decreased band gap
energy (4.29 eV). In 12CGH NRs, e~ and h* were produced
more efficiently than in GH.

Furthermore, the photocatalytic activity of GH and CGH
NRs against 4-NP was found to follow pseudo-first-order
reactions (eq 2). First-order (K) rate constants are represented
in terms of 1/h. The pseudo-first-order kinetic reactions of the
photocatalytic 4-NP activity degradation of GH and CGH NRs
are shown in Figure 5b. GH, 4CGH, 8CGH, and 12CGH NRs
were shown to have rate constants of 0.1937, 0.2091, 0.2246,
and 0.2426 h™', respectively. Reaction rate constants for
12CGH NRs were found to be the highest.

4.2. Photocatalytic Degradation of BG. Figure 6a shows
the photocatalytic activity of GH and CGH NRs in degrading
the BG dye under UV light irradiation. The photocatalytic
experiments were carried out for 5 h, and their progress was
monitored by measuring the absorbance of the treated aqueous

BG dye solution using a UV—vis spectrophotometer every 1 h
(Figure S3). The experiments were also conducted in
triplicates.

When irradiated with UV light, GH NRs showed the lowest
response among the synthesized materials. In the first hour, no
response was detected from GH NRs and the response slowly
increased with time. At the fifth hour, GH NRs were only able
to degrade about 31% (Table S1). This response was expected,
as no effect of Co doping was observed. When 4% Co was
incorporated into GH, the photocatalytic response was
enhanced. In the first hour, the photocatalytic response was
enhanced by 36% compared to that of GH NRs. At the end of
the photocatalytic experiment, 4CGH NRs showed about 61%
degradation, which was almost twice as good as that of GH
NRs. Increasing the Co doping to 8% resulted in about 90% of
the BG dye being degraded. However, a further increase in
doping showed no improvement in the photocatalytic
degradation as shown for 12CGH NRs.

The low photocatalytic activity of GH NRs might be due to
the reduced formation of *OH radicals upon exposure to UV
light.>” Its wide band gap and the concentration of BG dye
might hinder the materials from absorbing light efficiently, thus
producing less photogenerated e~ and h*.°” Upon doping, the
photocatalytic activity of CGH NRs was enhanced. Their band
gap energies were reduced from 4.50 to 4.29 eV, allowing the
materials to absorb more light and photogenerate e and h". In
the case of 8CGH, its photocatalytic degradation activity was
the highest (90.10 + 2.93%). The efficient generation of the
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Figure 5. (a) Average percentage and (b) In(Cy/C) plot of photocatalytic degradation of 4-NP using GH and CGH NRs under UV light

irradiation.
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0O,"” and *OH radicals might be involved in the improvement
of the photocatalytic degradation of BG.

Moreover, the kinetics of the photocatalytic degradation of
BG using GH and CGH NRs was also found to follow the
pseudo-first-order reactions (eq 2). The pseudo-first-order
kinetic reactions of the photocatalytic BG activity degradation
of GH and CGH NRs are shown in Figure 6b. GH, 4CGH,
8CGH, and 12CGH NRs were shown to have kinetic rate
constants of 0.0575, 0.2019, 0.4636, and 0.2102 h7',
respectively. Among the materials, it was found that 8CGH
NRs showed the highest reaction rate constant, and GH
showed the lowest reaction rate constant.

Based on the above discussion, 12CGH NRs showed the
highest photocatalytic degradation of 4-NP, while 8CGH
showed the best response in the photocatalytic degradation of
BG. The interaction of GH and CGH with the different
components of 4-NP and BG might be the reason for the
optimum Co doping. Moreover, the main radicals involved in
the photocatalytic degradation of 4-NP and BG might be
different. In the literature, *OH radicals are mainly involved in
the photocatalytic degradation of 4-NP, while O,°~ radicals are
involved in the photocatalytic degradation of BG.**%*°!
Therefore, in this study, 122CGH NRs might have produced
more *OH radicals and 8CGH might produce O,°” radicals,
which are responsible for the respective performance.

4.3. General Mechanism for the Photocatalytic
Degradation Activities. In general, when the material is
exposed to UV light irradiation, e~ and h* are generated.
Photogenerated e~ and h* react with surface O, and H,O to
produce O,°” and *OH radicals, respectively. These radicals
would react with pollutants, which in this case are BG and 4-
NP. In the photocatalytic degradation of 4-NP, *OH radicals

10189

are reported to play an important role. In the literature,
H,0, was added to the reaction mixture to provide more *OH
radicals. However, in this study, no H,O, was added to the
reaction. This suggests that the materials alone could provide
*OH radicals. Despite that, O,°” is also involved in the
reaction as suggested by Kang et al.’” Similarly, in the
photocatalytic degradation of BG, the involvement of *OH and
the *OH and O, radicals improved the photocatalytic
activity. The effectiveness in the generation of e” and h* upon
irradiation with UV light is important in photocatalysis. In the
literature, O,°” radicals are mainly responsible for degrading
dye solutions.”* Figure 7 illustrates the general mechanism of
the photocatalytic degradation of BG and 4-NP.

It is worth noting that doping with either transition metals
or nonmetals introduces intermediate energy levels inside the
bandgap, allowing electron excitation to the conduction band
with reduced energy. This modification increases the reactivity
of the material at different UV wavelengths and improves its
absorption of UV light.”> Furthermore, by lowering the
recombination rates and improving the separation of photo-
generated electron—hole pairs, doping can provide shallow or
deep traps for electrons or holes, increasing the photocatalytic
efficiency. Additionally, even with a high bandgap, doping can
optimize the material’s effectiveness under UV light exposure
by shifting the absorption threshold into more accessible UV
regions.64’65 Other than that, surface states, defect levels, or
localized states within the band gap may act as intermediate
energy levels that facilitate photon absorption and subsequent
excitation at lower energies than the observed band gap
energy.*

With this consideration, in a previous study using Ni—
Gd(OH);, the degradation efficiencies for BG and 4-NP were
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reported at 92% and 69%, respectively.”® In contrast, CGH
achieved comparable degradation for BG at 90% and a
significantly higher photocatalytic degradation activity for 4-
NP at 78%. This enhanced degradation of 4-NP with Co
doping suggests that Co** plays a key role in improving
electron—hole separation, which is critical for pollutant
breakdown.’*™** Such improvements may result from Co-
induced modifications in the band structure, which facilitate
more efficient electron transfer and light absorption.®*®* This
underlines the potential of Co doping in optimizing photo-
catalytic degradation processes, making it a promising method
for environmental remediation applications.

5. CONCLUSIONS

In this study, the optical, morphological, and structural
properties of microwave-assisted synthesized GH and CGH
NRs were explored. XRD confirmed the formation of
hexagonal GH and CGH with average crystallite sizes between
17 and 36 nm. Moreover, Raman and FT-IR analyses
confirmed the presence of the vibrational modes of GH and
CGH. GH and CGH NRs showed a decrease in band gap
energy with Co doping, with band gap energy values
decreasing from 5.00 to 4.29 eV. TEM images showed
nanorod-shaped particles for all the synthesized materials,
and Co*" doping resulted in increased particle sizes. Under UV
light irradiation, photocatalytic degradations of 4-NP and BG
were also carried out. It was found that 122CGH NRs showed
the greatest response in the photocatalytic degradation of 4-
NP, whereas 8CGH NRs showed the best response in the
degradation of BG. The eflicient pollutant degradation under
UV light highlights the potential of GH and CGH for water
and air purification, self-cleaning surfaces, and solar-driven
energy applications, advancing pollution control and sustain-
able energy solutions.
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